We demonstrate multi-layer silicon-oxy-nitride (SiON) waveguides as a platform for broadband tunable phase-matching of second-order nonlinear interactions arising at material interfaces. Second-harmonic generation (SHG) is measured with a 2 ps pulsed pump of 1515-1535 nm wavelength, where 6 nW power is generated by an average pump power of 30 mW in a 0.92 mm long device. The wavelength acceptance bandwidth of the SHG is as broad as 20 nm due to the low material dispersion of SiON waveguides. The waveguide structure provides a viable method for utilizing second order nonlinearity for light generation and manipulation in silicon photonic circuits. Second-order nonlinear effects are traditionally outside the realm of silicon photonics. The bulk second-order nonlinear susceptibility (v (2) ) vanishes in silicon and silicon-based dielectrics due to their inversion symmetry. However, significant progress has been made in exploiting v (2) nonlinearities that appear when this symmetry is broken upon application of stress 1 or at interfaces between dissimilar materials. 2 The prospect of implementing nonlinear wavelength conversion on a silicon platform is an attractive low-cost route towards realizing advanced classical and quantum functionality at the chip-level. The manipulation of v (2) within this material system offers a promising alternative to the current effort of utilizing weaker third-order effects, which require cavity or slow-light enhancement, for applications practical in signal processing and quantum optics. 3, 4 Specifically, using siliconoxy-nitride (SiON) as the optical material has two distinct advantages. First, the large transparency window of SiO 2 and Si 3 N 4 between 0.35 and 3 lm 5,6 permits nonlinear interactions over a larger spectral range than is possible with semiconductor waveguides. Second, the Kerr nonlinearity is 100 times weaker in comparison to semiconductors, 7 limiting the shortcomings caused by two-photon absorption and permitting the utilization of higher pump powers.
Second-harmonic generation (SHG) reflected from the surfaces of centro-symmetric materials is a well-established surface characterization technique. 8 At an interface between two materials, the second-order nonlinearity is expressed by a surface-v (2) tensor, for which there are three distinct nonzero elements. The v ???
(2) element (where ? is the interface normal) is the largest tensor element by an order of magnitude for Si 3 N 4 , 9 SiO 2 , 10 and Si surfaces. 11 This is attributed to dangling bonds that form a distribution of surface dipoles, pointing normal to the surface. 12 Consequently, the largest nonlinear interaction will involve the optical field components normal to the interface. 12 In a planar waveguide structure, surface second-order nonlinearities may arise at the waveguide sidewalls and/or at the interfaces between adjacent materials. Recently, Si 3 N 4 ring resonators have been used to provide resonant enhancement for the excitation field and hence the nonlinear interaction. 2 The pump and SH fields were TE-polarized, indicating that a surface contribution utilizing the v ???
(2) element originated from the waveguide sidewalls. The nonlinearities in these cases however pronounced are still limited to a single or a set of interfaces as opposed to a bulk coefficient.
In this letter, we demonstrate a multilayer-core anti-resonant reflecting optical waveguide (ARROW) platform as a travelling wave (non-cavity-enhanced) structure for efficient utilization of the second-order nonlinear effect. The structure is formed of SiON layers of minimal composition variation and exploits the v ??? (2) arising from the interfaces between these layers. The nonlinearity is assessed using secondharmonic generation, where both pump and SH modes are TM-polarized. The ARROW serves two functions in this platform as confirmed through the SHG. First, the structure is dispersion-engineered so that the pump mode at k p ¼ 1540 nm and the ARROW SH mode at k SH ¼ 770 nm wavelengths are phase matched through modal phasematching. Second, we have designed the structure such that the electric fields are maximized at interfaces and hence fully exploit the embedded interface nonlinearity.
The multi-layer structure, shown in Fig. 1 (a), contains four SiON layers deposited by PECVD on a SiO 2 -on-Si substrate. The thickness of the SiO 2 layer was 5 lm. The SiON layer composition was varied during growth by adjusting the SiH 4 /N 2 O flow rate, providing the index contrast shown in Fig. 1(c) . 13 The ARROW structure serves to confine the second-harmonic mode with a large field concentrated within the low index core region. The pump mode, on the other hand, is confined by the aggregate structure in a conventional total internal reflection (TIR) fundamental mode. The layer thicknesses were calculated so that the two interacting modes were phase-matched. This was used to obtain an optimum a)
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0003-
where i is a layer index, v yyy(i) (2) is the susceptibility tensor element at the interface between layer i and i þ 1 (at location y i ), and E y is the component of the local field. Assuming that the value of v yyy (2) is minimally variant between layers, it can be moved outside of the summation and it is possible to optimize the structure by maximizing the remaining factor. This predicts that the optimum device is one in which both interacting modes contain large optical fields at each interface. The optimized phase-matched structure is specified in Fig. 1 and has a simulated 
. The effective index of both modes is plotted in Fig. 1(b) , indicating a phase-matching wavelength of 1540 nm. The waveguides were characterized in an end-fire coupling set-up with free-space optical input and output. The pump source was a Ti:sapphire pumped optical parametric oscillator (OPO) with a repetition rate of 76 MHz and 2 ps pulse width. The pump was coupled into the waveguide using a Newport M-60Â/0.85 NA objective lens. The transmitted light was collected using a Newport M-40Â/0.65 NA objective lens. The output light was spectrally filtered with a 1.1 lm long-wavelength pass filter; the reflected light was detected using a silicon power meter and the transmitted light detected using a germanium power meter. Reference curves taken without any sample present indicate no SHG artifact in the system that is measurable above the noise floor of the silicon power meter.
The average transmitted pump power (at 1530 nm, TMpolarized) for each waveguide length is plotted as red squares in Fig. 2 , from which the propagation loss and coupling loss are extracted using the cut-back method to be a P ¼ 2.48 6 2.18 dB/cm and 4.7 6 0.3 dB/facet, respectively. Similarly, the 770 nm Ti:sapphire laser was directly coupled into the waveguide, and the measured transmission is plotted as blue circles. From this, the propagation loss for the TM-polarized second-harmonic mode is estimated to be a SH ¼ 16.66 6 0.92 dB/cm. The propagation loss of the pump is larger than previously reported for SiON waveguides, 15 presumably due to scattering from the waveguide sidewalls. The propagation loss at the second-harmonic wavelength is significantly larger, further evidence that the propagation loss is dominated by a scattering process. Moreover, the confinement of the ARROW mode is poor due to the modest etch depth, and therefore, suffers from leakage loss.
The average power of the pulsed pump was fixed at the chip input with a value of P p ¼ 30 mW, while the wavelength was varied and the transmitted power reaching the silicon photodiode P SH monitored. Examples of the tuning curves resulting from these scans are shown in Fig. 3(a) . The peak in P SH indicates an enhancement in SHG efficiency, provided by phase-matching between the pump and secondharmonic modes. The phase-matching wavelength varies between devices (regardless of length), by approximately 20 nm, due its dependence on the variations in layer thickness and ridge width across the wafer. For instance, the derivatives of phase-matching wavelength with respect to The observed wavelength acceptance bandwidth of the SHG is relatively broad (15-20 nm) . However, this is not attributed to the waveguide losses, as semiconductor waveguides with similar propagation loss produce much sharper phase-matched peaks of <2 nm bandwidth. 16 The broadband SHG tuning curve is attributed to the low material dispersion of the waveguides (indicated in Fig. 1(b) ) that is characteristic of dielectric structures operated at wavelengths far from the band edge.
A similar tuning curve was produced for TE-polarized pump, for the L ¼ 1.88 6 0.04 mm long device, and yielded no measurable signal on the silicon photodiode, indicating that second-harmonic generation with a TE-polarized pump is not detectable in this structure. The second-harmonic signal was confirmed to be TM-polarized for all peaks, so the interaction was categorized as a type-0 process where both pump and SH are TM polarized. There is no mechanism for this interaction that originates from the waveguide sidewall, since its surface v yyy (2) ¼ v zzz (2) ¼ 0 pm 2 /V in the coordinate system of Fig. 1. 12 Also, the field at the top surface of the waveguide is very weak (see Fig. 1(c) ), ruling it out as the dominant source of the nonlinearity. Consequently, we can conclude that the interface v (2) arises from interfaces within the multi-layer structure.
The relationship between P P and P SH for L ¼ 0.92 mm is plotted in Fig. 3(b) . As indicated by the slope of the log-log plot, the behaviour is quadratic as expected for secondharmonic generation. There is no evidence of P SH saturation at high P P caused by the onset of two-photon absorption, due to the low value of v (3) in this material system. A sample spectrum measured at the output is shown in Fig. 3(c) , where the 1519 nm pump produces a second-harmonic peak at 759 nm.
The peak external efficiency of the L ¼ 0.92 6 0.04 mm device is 5.94 6 0.98 Â 10 À4 %/W, and can be normalized to 7.02 6 1.15 Â 10 À2 % W À1 cm
À2
. This calculation does not take into account the out-coupling loss of the ARROW mode, the transmission through the collection objective lens (estimated to be 78%), and the reflection loss at the 1.1 lm long-wavelength pass filter. Consequently, the above number underestimates the peak internal efficiency. Given the low influence of two-photon absorption, we can also extract an equivalent CW efficiency by evaluating with respect to the peak powers (rather than average power), which yields a value of g ¼ 5.7 6 0.4 Â 10 À7 %/W. The theoretical variation in conversion efficiency g with length L, when the phase-matching condition is satisfied, is
where n eff is the mode index, e 0 is the permittivity of freespace, c is the speed of light in vacuum, and the other parameters have been defined above. This indicates that the quadratic dependence of P SH on length L becomes degraded for cases associated with significant propagation loss. The efficiencies extracted from the peaks of the tuning curves are plotted in Fig. 4 . Also plotted as a solid line is a fit of Eq. (2), using the values of a P and a SH obtained from Fig. 2 , for which a value of the product d eff Â n ¼ 1.83 6 0.93 Â 10 À9 V À1 is extracted. Given the simulated value of n ¼ 1.45 Â 10 5 m À1 for the designed structure, we approximate the effective nonlinearity of this structure to be d eff ¼ 1.3 6 0.7 Â 10 À14 m/V. This nonlinearity is similar in magnitude to that estimated for other SiN waveguide structures. 2 Further, by using the modeled value of d eff ¼ 1.41 Â 10 6 m À1 Â v yyy (2) , we estimate the value of the surface nonlinearity tensor element to be v yyy (2) ¼ 9.0 6 4.6 Â 10 À21 m 2 /V. This is similar to the value reported (for 1 lm wavelength) for SiO 2 surfaces (6-9 Â 10 À21 m 2 /V) 10 and less than that for silicon surfaces (for 745 nm wavelength) (6 Â 10 The general agreement of the data points with the theoretical prediction in Fig. 4 indicates that large propagation losses do indeed limit the peak efficiency. Since the source of the nonlinearity is embedded in the device, the efficiency can be improved by increasing the number of interfaces within the core, as indicated in Eq. (1). The nonlinear interaction was not enhanced by cavity or slow light effects, although such structures can be also employed to further strengthen the efficiency, as is commonly done for thirdorder nonlinear interactions. 3, 4 The introduction of local inhomogeneous strain at the interfaces, due to compositional differences between layers, is expected to further improve d eff . 17 However, the inhomogeneous bulk strain levels reported in silicon waveguides 1 are probably not present in these devices. The SiON layers are oxygen-rich and are similar in density to the SiO 2 substrate on which they are grown. The SiON growth processes use an N 2 O/SiH 4 ratio ranging from 10.6 to 12.9 (with no NH 3 ), power ranging from 20 to 60 W and pressure fixed at 950 mTorr. 13 The compressive stress in a single SiON layer is estimated to be 50-150 MPa, [18] [19] [20] but varies between layers of differing composition by only approximately 10 MPa. 18, 19 The strain is therefore homogeneous throughout the multi-layer structure, and does not feature large gradients needed to produce a significant contribution to the nonlinearity. 1, 17 While the d eff is lower than that obtained in strained silicon waveguides (>10 À11 m/V), 1 the larger bandgap energy of SiON provides it with distinct advantages over silicon structures. First, this platform permits wavelength conversion over a larger transparency window that extends to visible wavelengths. Second, third-order nonlinear effects such as two-photon absorption are far less limiting at C-band wavelengths (for which the photon energy is less than half of the bandgap energy). Last, due to its low material dispersion at wavelengths in the C-band, it produces very broadband phase-matched wavelength conversion.
In summary, we have utilized SiON layers of similar composition and minimal local strain for harnessing second-order interface nonlinearities. The layer configuration is designed to support an ARROW mode in order to phase-match weak nonlinear processes originating at five interfaces within the core. 
